ABSTRACT: Angus steers (n = 96; 321 ± 29 kg BW) were used to determine how previous exposure to increased dietary S would affect ruminal hydrogen sulfi de concentrations ([H 2 S]) in the feedlot, to investigate the effects of dietary S on ruminal [H 2 S] during transition and fi nishing, and to determine if dietary S affects the glutathione status of fi nishing cattle. Steers were strip-grazed on smooth bromegrass (Bromus inermis L.) over a 35 d period and received a dry distillers grains plus solubles (DDGS) supplement at 1% of BW (DM basis) that contained either 0.50% S (LS; n = 4 plots) or the DDGS supplement with an additional 0.30% S from sodium sulfate (0.80% S in supplement; HS; n = 4 plots). On d 36 steers were moved from the pastures to feedlot pens with one-half of the steers on each treatment in the pasture period remaining on the same treatment during the feedlot period and half being switched to the other treatment (n = 6 pens). For the fi rst 10 d in the feedlot, steers were fed hay ad libitum and 1% BW of the DDGS supplement representing their new treatment, followed by transition to fi nishing diets. Dietary S of transition and fi nishing diets were 0.2% to 0.3% S for LS and 0.5% to 0.6% S for HS. No interaction between pasture and feedlot treatment was observed (P ≥ 0.50), so data for the feedlot period were pooled by feedlot treatment (n = 12 pens). Rumen [H 2 S] were measured on d 35 of the pasture period and on d 46 while receiving ad libitum hay and supplement at 6 h after the feeding of the supplement and after 7 d on each of the 3 transition diets (d 53, 60, and 67) and on d 93, 126, and 155 of the study after receiving the fi nishing diet for 26, 59, and 88 d at 6 h after feeding. Ruminal [H 2 S] did not differ between treatment while steers were fed the supplement on foragebased diets. However, ruminal [H 2 S] of HS-fed steers was greater (P < 0.05) than LS-fed steers when transition diets and the fi nishing diets were fed. Relative to S intake, ruminal [H 2 S] increased disproportionally after 26 d on the fi nishing diet. This was followed by a decrease in [H 2 S] on d 59 of fi nishing, although S intake was increased (P < 0.05) compared with d 26 of fi nishing. It appears that factors other than S intake alone contribute to ruminal [H 2 S]. The amount of glutathione in the liver of steers did not differ (P = 0.47) because of dietary S, but the concentration of oxidized glutathione increased (P = 0.03) in HS-fed compared with LS-fed steers, suggesting that the potential for oxidative stress in cattle fed high-S diets may warrant further investigation.
INTRODUCTION
Modern fi nishing cattle diets in the United States often contain high concentrations of S because of the inclusion of coproducts of the ethanol industry (Crawford, 2007) . The mechanism behind S-induced polioencephalomalacia (S-PEM) is attributed to the production of hydrogen sulfi de (H 2 S) gas in the rumen. Although the exact reasons have not been determined, it is known that cattle fed high-forage diets are at less risk of S-PEM than cattle on high-concentrate diets (NRC, 2005) . Therefore, it was our hypothesis that exposing the rumen microbes, specifi cally the sulfate-reducing bacteria (SRB), to increased concentrations of S while cattle consumed a high-forage diet would allow the SRB population to adjust during a time when the animal is at less risk of toxicity.
Additionally, whereas it is well known that H 2 S is a toxic gas, the molecular mechanisms by which H 2 S induces PEM are still unknown. The most common theory is that H 2 S may block the enzyme cytochrome-c oxidase in the electron transport chain, causing cellular energy defi ciency (Dorman et al., 2002) . However, some recent in vitro work has suggested that cytotoxicity caused by H 2 S may involve a reactive S species that depletes reduced glutathione (GSH) and activates oxygen to form reactive oxygen species (Truong et al., 2006) .
The main objectives of this study were to determine how previous exposure to increased dietary S would affect ruminal H 2 S concentrations in the feedlot and to investigate the effects of dietary S concentration, transition diet (roughage to concentrate ratio), and days on fi nishing diet on ruminal H 2 S concentrations. A secondary objective was addressed in a small subset of steers, and this was to determine if the ratio of oxidized to reduced glutathione in tissues is affected by level of dietary S fed to cattle. More oxidized glutathione in cattle fed high-S diets would suggest that susceptibility to oxidative injury might be part of the etiology of S-PEM.
MATERIALS AND METHODS
Procedures and use of animals for this experiment were approved by the Iowa State University Animal Care and Use Committee, log number 8-09-6794B.
In this study we used a nested design to examine the effects of feeding low-S (LS) or high-S (HS) diets as a part of a dry distillers grains plus solubles (DDGS) supplement to cattle grazing bromegrass (Bromus inermis L.) pastures and to fi nishing cattle as a part of a concentrate-based diet. Onehalf of the steers on each treatment in the pasture remained on the same treatment during the feedlot portion of the trial, and one-half were switched to the other treatment, resulting in 4 treatments (LS-LS, HS-LS, LS-HS, and HS-HS). The effects of these treatments on mineral status, performance, and carcass characteristics have been previously reported (Richter et al., 2012) . This paper will focus on ruminal H 2 S concentrations, molar proportions of ruminal VFA, and tissue glutathione concentrations.
Ninety-six Angus crossbred yearling steers (321 ± 29 kg initial BW), eight 2.4-ha stockpiled smooth bromegrass pastures, and 24 feedlot pens were used in this study. During the pasture portion of this trial 2 dietary treatments were utilized, the fi rst being a supplement of low-S DDGS (0.50% S in supplement; LS; n = 4 plots) and the second being the LS DDGS with an additional 0.30% S provided from sodium sulfate (0.80% S in supplement; HS; n = 4 plots). Distillers dried grains plus solubles was replaced with sodium sulfate at 1.3% of the supplement to add 0.3% S to the supplement in the high-S treatment. The nutrient content of the distillers-based supplement was reported by Richter et al. (2012) . Steers were stratifi ed by initial BW and assigned to their future feedlot pen and treatment. Two complete feedlot pens (4 steers per pen) and 2 incomplete feedlot pens (2 steers per pen) were assigned to a single pasture for a total of 12 steer per pasture. Steers were strip-grazed weekly over a 35 d period and received the DDGS supplement at 1% of BW (DM basis) at 0900 h daily. During the pasture period, DM disappearance of forage was determined (to estimate intake) in wk 2 and 4 by measuring forage mass before grazing and after grazing of the weekly allocation using a calibrated falling plate meter (Richter et al., 2012) . Forage DM disappearance (3.25 ± 1.4 kg/d) did not differ (P > 0.40) because of treatment. The S content of the forage also did not differ among (P > 0.40) treatments and was determined to be 0.16% S while cattle were on pasture (Richter et al., 2012) . Total dietary S concentrations during the pasture period were estimated by multiplying DM disappearance of the forage and DMI of the supplement and their respective S concentrations and were determined to be 0.34% and 0.47% S for LS-fed and HS-fed steers, respectively. On the basis of the estimated forage DMI, 53% of DM consumed would have been roughage (the DDGS supplement comprised the remaining 47% of DM).
On d 36, steers were moved from the pastures to feedlot pens, with one-half of the steers remaining on the same treatment (LS or HS) and one-half being switched to the other treatment, resulting in 4 treatments (4 steers per pen, 6 replicate pens per treatment). For the fi rst 10 d in the feedlot, steers consumed ad libitum hay and 1% BW of the DDGS supplement (DM basis) representing their new feedlot treatment. Hay intake consisted of 59% of DM consumed, and the DDGS supplement made up the remaining 41%. Total dietary S concentrations of feed consumed were 0.32% and 0.44% for LS and HS, respectively.
Steers were transitioned to the feedlot diet from d 47 to 67 using 3 step-up diets where smooth bromegrass hay was replaced with an equal amount of cracked corn (Table 1) . On d 68 steers began consuming the fi nal feedlot diet (Table 1) and remained on this fi nishing diet for the remainder of the trial. Corn was replaced with sodium sulfate at 1.3% of diet DM in the high-S treatment to increase dietary S by 0.3%. During the feedlot period all mixed diets were formulated to contain 0.30% and 0.60% S (DM basis) for the LS and HS diets, respectively. Actual dietary S content varied between 0.2% and 0.3% for LS-fed cattle and between 0.5% and 0.6% S for HS-fed cattle throughout the study as a result of differing S content of DDGS loads. All DDGS loads were from the same ethanol plant. During the feedlot period mixed diets were fed once a day in the morning with bunk management designed to yield slick bunks at feeding. Any feed refusals were weighed, sampled, and discarded at the end of each transition period as well as monthly during the fi nishing period.
During the feedlot period individual feed components and mixed diets were sampled monthly and when a new ingredient load was fed. All feed and orts were dried at 60°C for 48 h to determine DM and then ground though a 2-mm screen. Dried and ground samples were then acid digested and analyzed for S by inductively coupled plasma atomic emission spectrometry (Optima 7000, Perkin Elmer, Waltham, MA) for the calculation of S intake.
Dried and ground samples of mixed diets were composited by diet type and sent to a commercial laboratory (Dairyland Laboratories, Arcadia, WI) for analysis of CP, ADF, NDF, and fat composition by near-infrared analysis (NIR). The NIR was calibrated against rations analyzed using the following methods: CP (AOAC 990.03), ADF (AOAC 973.18), NDF (AOAC 2002.04 ) and fat (AOAC 930.39; AOAC, 1999) . The Ohio Agricultural Research Development Center (OARDC) model was used for calculation of NEg and NEm. Nutrient compositions of the transition and fi nishing diets are reported in Table 1 . All diets were formulated to meet or exceed NRC (1996) nutrient requirements.
Rumen Hydrogen Sulfi de Gas Concentration Measurement
Rumen H 2 S concentrations were measured at the end of the pasture period (d 35) 6 h after the feeding of the supplement on pasture from 1 randomly selected steer assigned to each future feedlot pen (n = 6 per feedlot treatment). Therefore, between 2 and 4 steers per pasture were sampled (12 steers per pasture treatment); however, data were analyzed for this time point with pasture as the experimental unit (n = 4 pastures per treatment). Rumen H 2 S concentrations were measured from these same steers after switching to new treatments and receiving ad libitum hay and supplement for 10 d (d 46) at 6 h after the feeding of the supplement, after 7 d on each of the 3 step-up diets (d 53, 60, and 67) of the transition period, and on d 93, 126, and 155 of the study after receiving the fi nishing diet for 26, 59, and 88 d at 6 h after feeding. To measure H 2 S concentration of the ruminal gas, the procedure of Gould et al. (1997) was used with slight modifi cations. The hair of the left paralumbar fossa was clipped, and the skin was scrubbed and disinfected with isopropyl alcohol and betadine. A sterilized 16-gauge, 10.2-mm-long needle was introduced into the rumen gas cap through the left paralumbar fossa. The needle was then fi tted to a 1-mL syringe connected with a short piece of tubing to the gas detector tube and volumetric gas sampling pump (Matheson-Kitigawa 8014-400B, Kitigawa, Japan). The volumetric gas sampling pump was then used to pull 50 or 100 mL of gas though the detector tube, and H 2 S concentration was determined on the basis of the colorimetric stain, which varied in length in proportion to the concentration of the gas. Concentration of H 2 S was converted from parts per million to grams per cubic meter ([hydrogen sulfi de (ppm) × 139.06]/1,000,000) assuming standard temperature and pressure values (Neville et al., 2010) .
Rumen VFA and Lactate Measures
Rumen fl uid was collected 6 h postfeeding from the same 24 steers chosen for H 2 S measures on d 36, 60, and 155 by inserting plastic tubing into the rumen via the esophagus and applying slight suction to assist in the collection of fl uid. The rumen fl uid was likely contaminated with and saliva, and thus total VFA concentration data are unreliable. However, the relative proportion of VFA within a sample should not be affected by saliva contamination. The fl uid was then strained through 4 layers of cheesecloth and frozen at −20°C for later analysis. Before VFA analysis, strained rumen fl uid samples were thawed and inverted followed by brief (5 to 10 s) vortexing. A 5-mL subsample was then centrifuged at 2,400 × g for 30 min at 4°C. After centrifugation, a 3-mL subsample of the centrifugate was thoroughly mixed with 600 μL of 25% metaphosphoric acid (g/mL) and refrozen at −20°C before fi nal analysis. The mixture was thawed and centrifuged at 790 × g for 10 min at 4°C, and 1 mL of the clarifi ed supernatant was combined in a vial with 100 μL of 0.4% 2-ethylbutyric 1 The day of trial for each diet is as follows: step-up 1, 47 to 53; step-up 2, 54 to 60; step-up 3, 61 to 67; fi nishing, 68 to slaughter.
2 Corn was replaced with sodium sulfate at 1.3% of diet DM in the high-S treatment to increase dietary S by 0.3%. acid (vol/vol) internal standard. Samples were analyzed for acetate, propionate, butyrate, isobutyrate, isovalerate, and valerate by gas chromatography (model 3900; Varian Analytical Instruments, Walnut Creek, CA) using a 30 m × 0.25 mm × 0.25 mm DB-FFAP column (Agilent, Santa Clara, CA) and a fl ame ion detector. Helium was used as the carrier gas. For both the injector and detector the temperature was maintained at 250°C. A temperature program was used for the column in which the temperature was 100°C at the beginning of each injection and then was ramped to 150°C at a rate of 60°C per minute and held for 5 min. Then the column was ramped to a fi nal temperature of 175°C at 60°C per minute and held for 0.5 min for a total run time of 6.75 min.
The l-lactate concentration in rumen fl uid was analyzed using a commercially available kit (l-lactate assay kit; Biomedical Research Service, Buffalo, NY). The principle of the test involves reduction of tetrazolium salt in a NADH-coupled enzymatic reaction to formazan, which exhibits a red color whose intensity is proportional to the concentration of lactate. The lactate concentration was determined by reading the optical density values at 492 nm. Rumen fl uid was initially centrifuged at 2,400 × g for 30 min at 4°C, and an aliquot was removed and refrozen. The rumen fl uid was then thawed and centrifuged a second time at 790 × g for 10 min at 4°C, and an aliquot was analyzed for lactate concentration according to the manufacturer's directions. The doubly centrifuged rumen fl uid was used as the blank for the spectrophotometric analysis (SPECTRA Max PLUS, Sunnyvale, Ca).
Tissue Glutathione
Four steers (1 steer per treatment) were shipped 57 km to a packing plant in the morning before feeding on d 166, 173, and 180 (all steers were from different pens) and were slaughtered. At slaughter, samples of the right lobe of the liver (~5 g wet) and the front lobe cerebral cortex (~1 g wet) were collected within 10 min of death. Sample tissues were rinsed with 0.9% saline and fl ash frozen using liquid nitrogen and stored at −80°C until analysis. Before analysis samples were ground to a fi ne powder using a pestle and mortar. An aliquot of the powder was assayed for total glutathione and oxidized glutathione (GSSG) as described by (Griffi th, 1980) . For total glutathione the intra-assay CV was 2.5%, and the interassay CV was 5.7%. For GSSG the intra-assay CV was 4.2%, and interassay CV was 10.1%. The amount of reduced glutathione (GSH) was calculated as the difference between total glutathione (μmol/g) and GSSG (μmol/g).
Statistical Analysis
Data were analyzed using the MIXED procedure (SAS Inst., Inc., Cary, NC). Pasture plot was considered the experimental unit for measures taken while cattle were on pasture (n = 4 plots per treatment), and pen was considered the experimental unit during the feedlot period (n = 6 pens per treatment). The model for measures taken during the feedlot period included the fi xed effects of feedlot treatment, previous pasture treatment, and their interaction; interactions with P < 0.20 were removed from the model. Effects were considered signifi cant when P ≤ 0.05 and a tendency when P ≤ 0.10. Dry matter intake, S intake, and ruminal H 2 S concentrations measured during the feedlot period were analyzed as repeated measures with day considered repeated. Data for H 2 S concentrations were log transformed to account for heterogeneity of variances; means were back transformed, and SE were approximated using the Delta method of approximation (Casella and Berger, 1990) . Proportions of VFA in the ruminal fl uid were analyzed as separate days while in the pasture (d 36) and while in the feedlot (d 56 and 155). The interaction of pasture and feedlot treatments were not signifi cant for any of the variables measured, and as a result treatment means were pooled within feedlot diet (n = 12 pens per treatment for all data except glutathione in which n = 6 pens per treatment). To examine variation among ruminal H 2 S concentrations of individual steers, steers were ranked by H 2 S concentrations within treatment on d 93, 126, and 153, and Spearman's rank correlation was performed using the CORR procedure of SAS.
RESULTS
We hypothesized that exposing cattle to increased dietary S concentrations while on a high-forage diet would allow rumen populations to adapt to increased S before receiving high S in a high-concentrate diet. However, the previous pasture treatment did not result in differences in any of the variables measured (pasture treatment by feedlot treatment interaction; P ≥ 0.50), and therefore, data are pooled within dietary S level during the feedlot period.
Sulfur Content of Diets
Dietary S concentrations of the feed consumed between d 36 and 46 when hay was fed ad libitum and supplement was fed at 1% of BW were 0.32% and 0.44% for LS and HS, respectively. When steers started consuming mixed diets (Table 1 ) the percentage of S in the diet decreased for LS and increased for HS. The percentage of S in the diet during all 3 step-up diets (d 47 to 67) and the majority of fi nishing diets (d 68 to 137) were 0.2% and 0.5% S for LS and HS, respectively. However, starting on d 127 a new load of DDGS with a greater S concentration was fed, resulting in total dietary S of 0.3% and 0.6% for LS and HS, respectively, which caused an increase in S intake for both treatments from d 127 through the end of the trial.
Dry Matter Intake
During the feedlot period DMI tended (P = 0.10) to be less for HS-fed compared with LS-fed steers, and there was a tendency (P = 0.07) for a treatment by time interaction for DMI (Figure 1 ). During the periods where the hay plus supplement and the three step-up diets were fed, there was no difference (P > 0.50) between treatments in DMI. However, from d 68 to 96 (the fi rst 29 d of receiving the fi nishing diets) DMI was less (P < 0.01) for HS-fed steers compared with LS-fed steers. The effect of S on DMI appeared to diminish during the later part of fi nishing, with DMI not differing (P > 0.20) between treatments on d 97 to 131 (d 30 through 65 of fi nishing) and tending to differ (P = 0.08) on d 131 to 165.
Sulfur Intake
As designed, daily S intake was greater (P < 0.01) for HS-fed steers compared with LS-fed steers throughout the feedlot period (P < 0.01; Figure 2 ). However, there was a treatment by time interaction (P < 0.01) during the feedlot period. This interaction was caused by a combination of the changes in the concentration of S in the diet and the changes in DMI. Daily S intake within treatment was greater (P < 0.01) when the hay and supplement was fed than when the fi rst step-up diet was fed. Daily S intake within each treatment was least during the fi rst step-up diet and increased during the remainder of the fi nishing. However, daily S intake of LS-fed steers remained less (P < 0.01) than the hay and supplement feeding period until the fi nal period of fi nishing, at which point S intake did not differ (P = 0.43) from the period in which hay and supplement was fed. However, the S intake of HS-fed steers increased such that S intake during feeding of the second step-up did not differ (P = 0.36) from the hay and supplement feeding period, and S intake of HS-fed steers continued to increase such that S intake from d 61 to 165 (third step-up and throughout fi nishing) was greater (P < 0.01) than the hay and supplement feeding period.
Rumen Hydrogen Sulfi de Concentrations
Despite differences in the amount of S consumed, concentrations of rumen H 2 S at 6 h after supplement delivery did not differ (P = 0.54) between treatments on d 36 when cattle were consuming bromegrass pasture and the DDGSbased supplement (0.195 and 0.241 g/m 3 for LS-fed and HS-fed steers, respectively). During the feedlot period there was a treatment by day interaction (P < 0.01) for ruminal H 2 S concentrations (Figure 3) . Ruminal concentrations of H 2 S in LS-fed steers were not different (P = 0.42) from HS-fed steers when steers were given hay ad libitum and fed the DDGS supplement (d 36 to 46). However, rumen H 2 S was greater (P < 0.01) in HS-fed steers vs. LSfed steers when steers were fed the transition and fi nishing diets. Ruminal H 2 S was increased (P < 0.01) in both treatments on d 93 (after the fi rst 26 d of fi nishing) compared with d 67 even though sulfur intake when compared within treatment on d 61 to 67 did not differ from d 68 to 96 for both LS (P = 0.68) and HS (P = 0.14). Furthermore, despite S intake being increased (P < 0.05) in both treatments on d 126 compared with d 93, ruminal H 2 S concentrations decreased (P < 0.05) in LS-fed steers and tended to decrease (P = 0.13) in HS-fed steers on d 126 compared with the The variation among H 2 S concentrations within sampling day appeared to increase once steers were on the full fi nishing diets (in particular, d 93 and 155). To better examine this variation, H 2 S concentrations of individual sampling steers receiving the HS and LS diets were ranked by their H 2 S concentrations within treatment and day, and steer ranks were compared among the 3 d during which steers received full fi nishing diets (d 93, 126, and 155) . No signifi cant correlations among individual steer rankings across the 3 d were observed (r ≤ 0.44; P ≥ 0.18).
Volatile Fatty Acid Proportions
Molar proportions of VFA in the rumen fl uid on d 35, 60, and 155 are presented in Table 2 . On d 35, there were no differences between treatments (P > 0.25) in the molar proportion of acetate, propionate, or butyrate in the rumen fl uid. During the transition to the fi nishing diet (d 60), there was no difference (P = 0.80) in the proportion of acetate, but the HS-fed steers had increased propionate (P = 0.03) and tended (P = 0.06) to have decreased butyrate proportions compared with LS-fed steers. After receiving the fi nishing diet for 88 d (d 155) HS-fed steers tended to have a decreased proportion of acetate and increased proportion of propionate (P = 0.08 and P = 0.10, respectively) compared with the LS-fed steers, resulting in a tendency for a decreased acetate:propionate ratio in HS-fed steers (P = 0.09) compared with the LS-fed steers. There was no difference due to dietary S in l-lactate concentrations (P > 0.50 for all time points).
Tissue Glutathione
The concentration of total glutathione in the brain and liver was not affected (P > 0.29) by concentration of dietary S (Table 3 ). The concentration of GSSG in the brain was below detectable limits of the assay used in this study. The concentration of GSSG in the liver was greater (P = 0.03) for HS-fed steers than LS-fed steers and caused the ratio of GSH to GSSG to tend to be increased (P = 0.14) in HS-fed steers compared with LS-fed steers.
DISCUSSION
The purpose of this study was to determine the effects of increased dietary S during the backgrounding period (high-forage diet) on ruminal H 2 S concentrations of cattle and how this would subsequently affect ruminal H 2 S concentrations in the feedlot (high-concentrate diet). It has been observed that feedlot cattle consuming high-sulfate water have peak concentrations of H 2 S and incidences of PEM during the fi rst 30 d of the fi nishing period and that after the fi rst 30 d ruminal H 2 S concentrations decrease even though S intake remained unchanged (McAllister et al., 1997; Loneragan et al., 2001) . We theorized that this may be due to changes in SRB populations or metabolism in response to increased levels of sulfate. Therefore, it was our hypothesis that exposing the rumen microbes, specifically the SRB, to increased concentrations of S while cattle consumed a high forage diet would allow the SRB population to adjust to increased dietary S during a time when the animal is at less risk of toxicity. It is well established that cattle on higher-roughage diets are more tolerant of increased dietary S than those in a high-concentrate diet (NRC, 2005) . However, dietary S concentration during the pasture period did not affect subsequent ruminal H 2 S concentrations during the feedlot period.
Ruminal H 2 S concentrations did not mirror S intakes in this trial, and it appears that factors other than S intake play a role in ruminal H 2 S concentrations. Diet composition appeared to interact with S level in regard to ruminal H 2 S concentrations. There were greater concentrations of ruminal H 2 S when cattle were being fed the fi nishing diet compared with the transition diets, despite similar S intakes. Relative to S intake, we observed a disproportionate increase in ruminal H 2 S concentrations on d 93 of the trial (d 29 of fi nishing). This was followed by a decrease in H 2 S concentration on d 126 of the trial (d 59 of fi nishing) even though S intake was increased on d 126 compared with d 93. The apparent peak in H 2 S concentration during the fi rst 29 d of fi nishing is similar to observations by Loneragan et al. (2001) , in which cattle were consuming high-sulfate water and fed a fi nishing diet. Another interesting observation in our study was the considerable variation among steers on a single treatment in their H 2 S concentrations measured throughout the fi nishing period. Steers did not appear to respond to dietary S content in a consistent manner, as a steer may have had one of the greater H 2 S concentrations on one day and one of the least H 2 S concentrations on another day. Several factors may affect ruminal H 2 S concentrations of cattle, including ruminal pH, S intake, and ruminal bacterial populations.
During the transition from a high-forage to high-concentrate diet ruminal pH may play a role in the increased concentrations of H 2 S observed when cattle were receiving the fi nishing diet. It is possible that decreasing rumen pH as corn was substituted for hay in the diet provided an environment in which more S -2 was converted to H 2 S since this conversion is a pH-dependent process with pKa of 11.94 and 7.04 for dissociation of the fi rst and second ions, respectively (Beauchamp et al., 1984) . It is also possible that the increase in H 2 S concentrations may be related to microbial changes in the rumen. During this time the SRB population could be changing in numbers or the metabolism of the SRB could change without a change in population. It is known that SRB have a preference for end products of starch metabolism, most notably lactate (Coleman, 1960; Howard and Hungate, 1976) . Additionally, the import of sulfate into the SRB may occur in symport with H+ (Cypionka, 1989) and therefore may increase at a lower pH. Cummings et al. (1995a) enumerated and isolated 13 SRB species from steers with diet-induced PEM and noted that all species generating H 2 S in culture were gram-negative and had characteristics of Desulfovibrio. After being exposed to greater concentrations of S the number of SRB did not appear to increase. But in a companion paper (Cummings et al., 1995b) they reported that microbes isolated from cattle with diet-induced PEM had an increased capacity to generate H 2 S in ruminal fl uid cultures after the animals had been fed a high-S diet for approximately 10 to 12 d. These authors suggested that ruminal microbes might require some adaptation period to increased dietary S before achieving the ability to generate toxic concentrations of H 2 S in the animal. Oliveira et al. (1997) also reported that high dietary S resulted in a faster rate of sulfate reduction by ruminal bacteria after several weeks on that diet. However, it should be noted that SRB are very fastidious organisms and require specifi c conditions for adequate growth. Because of this, only the organisms most suitable 1 Rumen fl uid was collected esophageally, and thus total VFA are likely decreased because of saliva contamination. However, the relative proportion of VFA within a sample should be unaffected by saliva contamination.
2 The d 35 samples were collected while steers were consuming bromegrass pasture and dry distillers grains plus solubles (DDGS) supplement, 47% and 53% of DM consumed, respectively. Diets consumed were 0.34% and 0.47% S for low and high S, respectively (n = 4 per treatment).
3 The d 60 samples were collected during the transition period when steers had consumed a diet with 30% chopped hay, 28% cracked corn, and 40% dry distillers grains plus solubles for 7 d. Diets contained either 0.2% or 0.5% S for low and high S, respectively (n = 12 per treatment). 4 The d 155 samples were collected after steers had been consuming a fi nishing ration of 8% chopped hay, 50% cracked corn, and 40% dry distillers grains plus solubles for 88 d. Diets contained either 0.3% or 0.6% S for low and high S, respectively (n = 12 per treatment). Table 3 . Concentration of total glutathione, oxidized glutathione (GSSG), and the ratio of oxidized to reduced glutathione (GSSG:GSH) in the tissues from slaughtered steers fed high-S (0.5% to 0.6% S) or low-S (0.2% to 0.3% S) diets during transition and fi nishing periods in the feedlot (n = 6 per treatment) for in vitro growth are recognized when culture techniques are used, potentially biasing the view of the scientist to the exclusion of uncultured relatives.
In the present study, 2 incidences of PEM in steers receiving the HS diet occurred and coincided with the fi rst peak in H 2 S concentrations observed in this study (d 93; 29 d on full fi nishing diet). The timing of PEM development is similar to that described by others, with peak incidences being reported between 17 and 35 d on a fi nishing diet (McAllister et al., 1997) . The 2 cases in the present study were identifi ed by farm personnel in the afternoon of d 88 (HS-HS steer; presented with head pressing and blindness) and the early morning of d 89 (LS-HS steer; presented with circling and blindness). The steers were treated with dexamethasone [20 mL intravenously (iv) and thiamine (20 mL iv)] for 3 d and were given access to free choice hay. Once the steers recovered, they were fed a reduced S fi nishing diet (0.3% S), and at harvest brain tissue was collected and focal gliosis was observed.
Interestingly, rumen H 2 S concentration measured on the d 88 case (9 h postfeeding) was 3.48 g/m 3 , a value approximately 5 times the average rumen H 2 S concentration measured in the HS-fed steers on d 93 (0.669 g/m 3 ). Rumen H 2 S concentration of the second steer was measured at 0800 h on d 89 and measured 0.139 g/m 3 , which is likely related to the nearly 24 h that had passed since the steer had been fed the HS diet. Time of sampling relative to feeding has been shown to affect ruminal H 2 S concentrations (Drewnoski et al., 2011) , and it would not be unexpected that a sick animal may not have consumed much feed during the previous 24 h.
The suspected cause behind PEM development is inhalation of H 2 S during the process of eructation of rumen gases (Gould, 1998) . Dougherty and Cook (1962) suggest that up to 70% to 80% of eructated rumen gas is inhaled. When they specifi cally focused their attention on H 2 S, these authors reported that insuffl ation of 300 mL of H 2 S gas into the rumen of sheep with an open trachea resulted in eventual collapse, whereas sheep with the trachea occluded did not exhibit such symptoms of acute toxicity. They also noted that the time to collapse depended on the time postfeeding as well as frequency of eructation, giving further indication that the effects of rumen H 2 S are related to inhalation of eructated rumen gas, and variations in animal susceptibility to S toxicity may relate to eructation habits.
However, the exact mechanism by which H 2 S induces PEM is still uncertain. The expelled ruminal gases are inhaled and enter into the blood stream via the respiratory system. Through this process the brain is exposed to H 2 S before it can be detoxifi ed by the liver (Kandylis, 1984) , and several potential routes of toxicity exist. Hydrogen sulfi de may block the enzyme cytochrome-c oxidase in the electron transport chain, causing cellular energy defi ciency (Dorman et al., 2002) ; inhibit enzymes important in controlling oxidative injury, such as superoxide dismutase and glutathione peroxidase (Beauchamp et al., 1984) ; or cause the oxidation of the antioxidant glutathione, increasing susceptibility to oxidative stress (Smith and Abbanat, 1966; Truong et al., 2006) .
In vitro work with hepatocytes suggests that H 2 S exposure can deplete GSH (Truong et al., 2006) . However, to our knowledge there are no data in ruminants on the possible effects of H 2 S exposure through consumption of a high-S diet on glutathione concentrations in tissues. Glutathione is a key antioxidant in the body, and intracellular glutathione status is a sensitive indicator of the health of a cell and its ability to resist toxicity (Nemeth and Boda, 1989) . Oxidation of GSH leads to the formation of GSSG. An increased GSSG:GSH ratio is considered indicative of oxidative stress (Bains and Shaw, 1997) . Unfortunately, the total glutathione concentrations in the brain were so low that GSSG concentrations could not be measured using the methods employed in this study. In the liver GSSG concentrations were greater in HS-fed steers compared with LSfed steers, suggesting that cattle fed high-S diets may have increased oxidative stress, possibly because of detoxifi cation of H 2 S; however, because of the limited data available concerning GSH and GSSG concentrations in ruminants it is unclear if this difference is biologically relevant to the animal.
The effect of S on acetate and propionate results in an A:P ratio closer to 1 for the high-S treatment on d 155. Other studies have also reported decreases in the A:P ratio when dietary S is increased (Thompson et al.,1972; Zinn et al., 1997) . Thompson et al. (1972) suggested that propionate production might be enhanced when dietary S is increased as a result of the S-dependent acrylate pathway. This pathway involves the production of propionate from lactate through formation of the S-containing intermediate acrylyl-CoA. In the studies of Thompson et al. (1972) and Zinn et al. (1997) dietary S was increased from marginal levels (0.12% and 0.15% S, respectively) to adequate (0.37% and 0.25% S, respectively), and on the basis of these S levels this theory seems plausible. However, Zinn et al. (1997) measured lactate concentrations and did not fi nd a difference due to dietary S. In our study the LS diets on d 155 were 0.3% S and HS diets were 0.6% S, and we also did not observe a difference in molar proportion of lactate. Given the concentration of S in our LS diet, it seems unlikely that S was limiting the utilization of the acrylate pathway in the rumen of those steers.
In conclusion, previous exposure to increased dietary S during the backgrounding period did not affect ruminal H 2 S concentrations in the fi nishing period. However, factors other than S intake alone appear to contribute to concentrations of ruminal H 2 S. Roughage level in the diet seems to have a signifi cant effect on H 2 S concentrations. The reason for the small increase in H 2 S concentrations when cattle are fed a high-forage high-S diet compared with the substantial increase when cattle are fed a high-concentrate high-S diet deserves further investigation. Furthermore, ruminal H 2 S concentrations appear to increase disproportionately to the amount of S intake during the fi rst 30 d of feeding a full fi nishing diet when compared with later in the fi nishing period. A greater understanding of the ruminal factors that contribute to the increased H 2 S is needed as it may aid in the development of management strategies that could reduce risk of S-PEM. Additionally, steers consuming a high-S diet had an increased concentration of oxidized glutathione in the liver, suggesting that the potential for oxidative stress in cattle fed high-S diets may warrant further investigation.
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